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ABSTRACT

Adiabatic demagnetization refrigeration (ADR) offers a compelling alternative to traditional ultra-low temperature technologies by eliminat-
ing the reliance on scarce *He and gravitational constraints. The key of ADR development is to find magnetic refrigerants with exceptional
magnetocaloric properties. In this study, polycrystalline CsEuCl; and CsEuBr; halide perovskites were synthesized by a simple solid-phase
reaction method. CsEuCl; crystallizes in a tetragonal structure, while CsEuBr; forms an orthorhombic structure, both exhibiting distorted
perovskite structures. CsEuCl; undergoes an antiferromagnetic ordering at Ty ~ 1.1 K, whereas CsEuBr; shows no magnetic ordering above
0.4 K. Curie-Weiss fitting analysis reveals antiferromagnetic interactions in both compounds, with CsEuBr; displaying stronger antiferro-
magnetic coupling. The maximum magnetic entropy change (—ASy,) values under magnetic field changes of 0-2 T and 0-5T are 22.4 and
38.6J kg ' K ' at 1.4 K for CsEuCls, and 15.7 and 26.4 J kg~ ' K" at 0.4 K for CsEuBrs, respectively. These findings underscore the potential
of CsEuCl; and CsEuBr; as promising candidates for cryogenic magnetic refrigeration applications.
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1. INTRODUCTION experiments, and achieving low-temperature superfluid phases.”
Thus, there is an urgent necessity to investigate various cryogenic
refrigerants with significant MCE for use in ADR.
High-performance MCE materials typically exhibit character-
istics such as magnetic ions with a large ground-state spin (J), weak

With the development of space exploration, quantum technol-
ogy, and other frontier scientific research fields, the strong depen-
dence on *He for cryogenic technologies poses significant challenges
due to its scarcity and high expensive.'™ Adiabatic demagnetization

refrigeration (ADR), utilizing the magnetocaloric effect (MCE), magnetigcﬁ laznisotropy, weak31+nagnetic interaction, and high magnetic
offers an effective alternative for achieving cryogenic temperatures density. ~ Given that Gd™" ions exhibit large ] = § = 7/2, magnetic
without the need for rare helium.”™” The advantages of ADR, includ- isotropy, and achievable low magnetic ordering temperatures,
ing enhanced reliability, compactness, simplicity, and the ability to Gd-based compounds are attractive as magnetic refrigerants. Over
control temperatures more accurately and Consistenﬂy, alleviate con- recent decades, extensive research into Gd-based materials and
cerns about helium shortages and make ADR particularly valuable ~ device has been conducted.*" Notable examples include
in applications such as gas liquefaction, cooling in space missions, Gd;Gas0,,(GGG),”” Gd(HCOO0);,”’ Gd(OH)F,,”' GdPO,,”” and
supporting advanced quantum computation, conducting cold atom the molecular {Gd;,Nag} quadruple-wheel.”’
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Similarly, Eu®* ions, which share the same J-value and mag-
netic isotropy as Gd®" ions, have garnered interest. Despite the
limited research focused on the MCE of Eu®*-based materials, espe-
cially at cryogenic temperatures, certain materials have shown
promising magnetocaloric performances. Notably, Eu,B,0s,” and
EuB,0,”° have reported significant magnetic entropy change
(=ASyp) values of 13.7]1(g_1 K™' at 2.7K and 19.4]kg_1K_1 at
1.3K under magnetic field change of H=0-1T, respectively.
However, the quest for more Eu**-based materials that exhibit sub-
stantial MCE at cryogenic temperatures and under lower magnetic
fields continues to be challenging.

Halide perovskites have garnered significant interest due to
their unique electrical and optical properties at low
temperatures.”’ ' These halide perovskites, incorporating
rare-earth ions, allow for the creation of three-dimensional mag-
netic halide perovskites such as CsEuX; (X=Cl, Br, and I) have
been synthesized.”””*” However, reports on their magnetocaloric
performances are limited. Notably, only the lattice constants of
polycrystalline CsEul; have been reported so far, lacking a well-
defined space group,”” and its relatively low magnetic density
(22.0%) suggests a small theoretical limit —ASy;=nRIn(2S + 1)/ M.
Consequently, this study focuses on CsEuCl; and CsEuBrs, which
have higher magnetic densities of 38.9% and 29.0%, respectively,
correlating with larger theoretical limit —ASy; may result in larger
achieved —AS), than CsEul,.

Here, magnetocaloric studies were conducted on CsEuCl; and
CsEuBr;. CsEuCl; crystallizes in a tetragonal structure, forming a
distorted perovskite, while CsEuBr; with an orthorhombic struc-
ture, exhibits more distortion. CsEuCl; undergoes a magnetic
ordering transition from the antiferromagnetic (AFM) to paramag-
netic (PM) at Ty ~ 1.1 K, while no magnetic ordering is observed
in CsEuBr; down to 0.4 K. Dominant AFM interactions in both
compounds are confirmed by Curie-Weiss fits and Brillouin func-
tion analysis. The maximum —ASy values under H=0-2T are
2247 kg_1 K~' at 1.4K for CsEuCl; and 15.7] kg_1 K™ at 0.4K for
CsEuBr;. Under H=0-5T, the maximum —ASy; values are 38.6
and 26.4] kg 'K, respectively. These results demonstrate that
halide perovskites CsEuCl; and CsEuBr; exhibit substantial cryo-
genic MCE, positioning them as promising candidates for cryo-
genic magnetic refrigeration.

Il. EXPERIMENTAL DETAILS

Polycrystalline samples of CsEuCl; and CsEuBr; were synthe-
sized via a simple solid-phase reaction. EuCl, powder with 99.99%
purity was obtained from Aladdin. EuBr, with 99.99% purity and
CsX (X=Cl, Br) with 99.998% purity were obtained from ALFA.
All procedures were carried out in an argon-filled glovebox, main-
taining H,O and O, levels <0.1 ppm to prevent contamination.
Stoichiometric quantities of EuCl, and CsCl, as well as EuBr, and
CsBr, were accurately weighed and mixed in a 1:1 molar ratio.
These homogeneous mixtures were then transferred into quartz
tubes. The tubes were subsequently evacuated to a high vacuum to
eliminate air and any other gases that could affect the reaction, and
then sealed. The sealed tubes were placed in a muffle furnace and
heated at a rate of 5 °C/min to 500 °C, where they were maintained
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for 8h to ensure complete reaction, followed by natural cooling to
room temperature.

CsEuCl; and CsEuBr; samples were always stored in an
argon-filled glovebox with oxygen and water levels below 1 ppm to
minimize oxidation. The crystal structures of the samples were
characterized using x-ray diffraction (XRD, Rigaku Smartlab) with
a Cu-Ko target (L=1.5406A). To prevent any oxidation of the
Eu?" ions, the samples were carefully sealed with Kapton films inside
the glovebox before XRD measurements. This precaution ensured
that the samples were not exposed to air throughout the XRD mea-
surements. Rietveld refinement analysis was performed using the
general structure analysis system (GSAS) suite to determine detailed
crystallographic information. Magnetic measurements were per-
formed using a Quantum Design MPMS-3 superconducting
quantum interference device (SQUID) magnetometer, with a tem-
perature range from 1.8 to 300 K. The ultralow-temperature magneti-
zation data from 0.4 to 2K were measured using a DC MPMS-3
equipped with a *He-refrigerator insert. Samples for magnetic mea-
surements were mounted to the holders in the glovebox.

lll. RESULTS AND DISCUSSION

The room temperature XRD patterns and the Rietveld refine-
ments for CsEuCl; and CsEuBr; are shown in Figs. 1(a) and 1(b).
The XRD analysis for CsEuCl; [Fig. 1(a)] confirms the sample is in
a single phase, with no detectable secondary phase present.
However, there is a small amount of residual CsBr (~3%) in the
CsEuBr; sample [Fig. 1(b)]. The Rietveld refinement suggests that
CsEuCl; crystallizes in a tetragonal structure with space group
P4/mbm, having lattice parameters a = b =7.8969 A, and c=5.6211 A.
Conversely, CsEuBr; adopts an orthorhombic structure with space
group Pbnm and lattice parameters a = 8.2172 A, b=8.2902 A, and

c=11.7854 A, respectively. These results align with previously
reported data,” and the detailed refinement results are summarized ¢

in Table I.
For ABX;-type perovskites, structural stability is often assessed

3 _ _ratrx
using the tolerance factor ¢, calculated by the formula t = Ty

An ideal perovskite structure typically indicated by a t value close
to 1, suggests well-matched ionic sizes that favor for ideal cubic
symmetry. Deviations of t value from 1, either t<1 or t>1, are
caused by the relatively small or large size of the B-site ion, leading
to structural distortion such as tetragonal or orthorhombic forma-
tions. The calculated tolerance factors for CsEuCl; and CsEuBr;
are approximately 0.841 and 0.835, respectively, both less than 1.
These values indicate that the B-site ions (Eu?") are relatively small,
promoting deviations from the ideal cubic symmetry and resulting
in tetragonal or orthorhombic structures, which are confirmed by
XRD analysis for CsEuCl; and CsEuBr;. The schematics of crystal
structure for CsEuCl; and CsEuBr; are illustrated in Figs. 1(c)
and 1(d). Notably, in the perovskite structure, magnetic Eu?" ions
occupy the B-site, with each Eu** ion surrounded by six CI~ or Br~
ions in an octahedral arrangement, illustrated by the pink polyhe-
dron in Figs. 1(c) and 1(d). The Cs" ions are situated in the
A-sites, filling the large cavities formed by the connected octahedra,
which assist in stabilizing the lattice through ionic interactions and
size effects. The larger ionic radius of Br~ results in a more dis-
torted perovskite structure for CsEuBr; compared to CsEuCls.
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Moveover, CsEuCl; has 159.0(4)° and 180° inter-octahedral

Eu-Cl-Eu bond angles, while CsEuCl; has 154.25(31)° and
161.2(4)° inter-octahedral Eu-Br-Eu bond angles. The structural
distortions observed in both CsEuCl; and CsEuBr; further influ-
ence their physical properties, particularly affecting their magnetic
characteristics.

Magnetic measurements were conducted to ascertain the mag-
netic properties and magnetocaloric effects of CsEuCl; and
CsEuBr;. Measurements above 1.8K were collected on the
MPMS-3 system, while ultra-low temperature measurements from
1.8 to 0.4 K were conducted by *He-insert in the MPMS-3 system.
Figures 2(a) and 2(b) plot the temperature-dependent magnetiza-
tion (M-T) of these compounds under both zero-field cooling
(ZFC) and field cooling (FC) conditions, with an applied magnetic
field of 0.01 T from 0.4 to 300 K. In the high-temperature range,
both CsEuCl; and CsEuBr; exhibit nearly constant magnetization
with no obvious difference between the ZFC and FC curves. As
shown in Fig. 2(a), when the temperature of CsEuCl; decreases, its

Perspective view of crystallographic
structure for (c) CsEuCl; and (d)
CsEuBrs.

2€:80:€l G20z dunr zi

M-T curve peaks at approximately 1.1 K, indicating a magnetic
phase transition from PM to AFM state at Ty~1.1 K. In contrast,
for CsEuBr; [Fig. 2(b)], there is a broad feature with a maximum
around ~1.3K, accompanied by a slight bifurcation between the
ZFC and FC below this temperature. This behavior may suggest the
possibility of magnetic ordering. However, as the temperature
decreases further below 1.3 K, magnetization continues to increase,
indicating that a significant portion of the sample remains in a PM
state. This PM component likely contributes to the dominant
signal at lower temperatures. Therefore, the anomaly observed
around 1.3 K may be indicative of short-range magnetic ordering
in CsEuBr;, although further investigation is still required to
confirm this hypothesis. In previous literature,” antiferromagnetic
ordering temperature around 2.0 K for CsEuBr; was detected from
heat capacity measurements. This discrepancy may be due to the
possible differences in sample preparation and/or measurement
techniques. Figures 2(c) and 2(d) depict the temperature-dependent
reciprocal susceptibility (1/x=H/M) for CsEuCl; and CsEuBrs;.
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TABLE |. Lattice parameters and Rietveld refinement factors for CsEuCl; and

CsEuBrs.

Compounds CsEuCl, CsEuBr;
E.W. (g/mol) 391.22 524.6
Space group P 4/mbm P bnm
Temperature (K) 300 300

a (&) 7.8969(1) 8.2172(6)
b (A) 7.8969(1) 8.2902(5)
c (&) 5.6211(1) 11.7854(8)
V (A% 350.541(20) 802.849(148)
Ry, 0.0623 0.0496
x> 3.112 1.402

In the paramagnetic (PM) region, the behavior of these compounds

N(uphten)*
3Ke (1 6oy T Xo» Where

Kj is the Boltzmann constant, ¢y is the paramagnetic Curie tem-
perature, /L is the effective magnetic moment, up is the Bohr mag-
neton, and Y, denotes the temperature-independent contribution

obeys the Curie-Weiss law, expressed as y =
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and accounts for a magnitude of 107> emumol™" Oe™". The deter-
mined effective magnetic moment g for CsEuCl; and CsEuBr;
are 7.85 up and 8.58 up, respectively. Comparatively, the theoretical
effective moment for a free Eu®' ion (J=8=7/2, L=0), calculated
as 7.94 ug based on gj/J(+1), where the Landé g-factor gj is 2. The
experimental value (u.g) of CsEuCl; aligns closely with the theoret-
ical spin-only moment of Eu®* (7.94 ug), whereas pog of CsEuBr; is
slightly higher than 7.94 up, potentially due to stronger interactions
and crystal effects. Furthermore, Ocw for CsEuCl; and CsEuBr; are
—3.00 and —4.30 K, respectively. These negative O\ suggest that
AFM interactions predominate in these compounds. Typically,
|6cw| values reflect the strength of magnetic interactions, with
smaller values indicating weaker magnetic interaction.*’*"
CsEuBr;, with its larger |6cw]|, exhibits stronger AFM couplings,
possibly resulting from its more distorted perovskite structures.
This relatively pronounced AFM coupling in CsEuBr; could poten-
tially lead to a weaker MCE.™

To further investigate the magnetic properties of CsEuCl; and
CsEuBr;, magnetizations at 0.4 K obtained from experiments were
compared with predictions from the free Heisenberg spin model.

This model provides a robust framework for describing
(b)2s
H=0.01T CsEuBr; —«—ZFC
‘ ——FC
20 -; 22 . ZFC
g 20f FC
- ! ‘;1.3
G‘E, 1.5 ; % :.:
£ ; <12 '
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FIG. 2. Temperature dependence (M-T curve) of zero-field cooling (ZFC) and field cooling (FC) curves from 0.4 to 300K at H=0.01T for (a) CsEuCl; and (b) CsEuBrs.
The insets give the enlarged M-T curves under low temperatures. The temperature-dependent reciprocal susceptibility (1/y, = H/M) for (c) CsEuCl; and (d) CsEuBrs.
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FIG. 3. Field-dependent magnetization in 0.4 K for CsEuCl; and CsEuBrs, and
the Brillouin-like free spins B,(x) of free Eu" ions at T=0.4K.

magnetization M under an applied magnetic field H and at a spe-
cific temperature T. Magnetization is expressed by the form*’

ARTICLE pubs.aip.org/aip/jap

where M, is the saturation magnetization, defined as My = Jgjup,
and By(x) is the Brillouin function. Here, x is a variable given by
x = JgupioH/kpT, with ] = S = 7/2 and g; = 2 for Eu** ions. The
Brillouin function B;(x) is described by

2 1
J + x—cothi

2] |

Bj(x) =2—1] (2] + 1)coth 2)

This function models the magnetization behavior of an ideal para-
magnet where spin interactions are minimal. The Brillouin function
for a single magnetically uncoupled Eu®* ion with $=7/2 and gj=2
at T=0.4 K was calculated.

Figure 3 illustrates the M-H curves for CsEuCl; and CsEuBr;
from magnetic measurements alongside the Bj(x) curve at 0.4 K.
The observed magnetization increases slowly at low fields and does
not reach saturation even at 5T, indicative of typical AFM proper-
ties at low temperatures. A clear divergence between the M-H
curves of both CsEuCl; and CsEuBrs, and the Brillouin function is
evident, highlighting significant spin-spin interactions within these
compounds.

Further investigations into magnetocaloric performance of
CsEuCl; and CsEuBr; were conducted through isothermal M-H
curves measured from 1.8 to 20K, as given in Figs. 4(a) and 4(d),
and the ultralow temperature measurements from 1.8 to 0.4 K, as
given in Figs. 4(b) and 4(e). The isothermal M-H curves for both

M = M,B;(x), oy CsEuCl; and CsEuBr; exhibit AFM characteristics. Notably, the
a C
( )100 | CsEuCl, ( )40 I CsEuCl; ——041T
351 ——0-2T
03T
_8of -~ 04K 30 04T
- - 06K x ——05T
2 0.8K o 25
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FIG. 4. Magnetocaloric effect. Isothermal magnetization curves (M-H) from 0 to 5T for (a) and (b) CsEuCl; and (d) and (e) CsEuBr; from 1.8 to 20K and 0.4 to 1.8 K.
The temperature-dependent —ASy curves from 0.4 to 20 K under magnetic field change of 01T to 0-5T for (c) CsEuCl; and (f) CsEuBrs.
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TABLE Il. Comparison of magnetocaloric parameters of CSEuCl; and CSEuBr; with some Gd-/Eu-based magnetocaloric materials.®'%2>254'~4" The parameters include mag-
netic order temperature T, the experimental | —AS; p\ at H=0-2 Tand H=0-5T, magnetic density Mr/M\y (Mg and M,, represent the weight of magnetic elements and com-

pound respet%tlvely) the theoretical | — ASHe| from —ASM nRIn(2J + 1)/My, and the ratio of the experimental |— ASe"p\ at H=0-5T to the theoretical | — ASH®| denoted as
—ASSTI—ASte
|[—AS" 0 kg™ 'K Mr Theoretical *Asi}

Compound Tora (K) Ocw (K) 0-2T 0-5T My | — ASte| (J kg 'K ™) —ASYE Reference
CsEuCl; 1.1 -3.0 224 38.6 38.9% 442 87.3% This work
CsEuBr; <04 —4.3 15.7 26.4 29.0% 33.0 80.0% This work
Gd,FeAlOg <2 52 ~19 63.6% 70.1 27.1% 41
Sr,GANbO4 2.0 3.18 16.4 26.1 30.1% 33.1 78.9% 42
Gd,MgTiO, ~3.3 —5.6 6.1 338 65.1% 71.6 48.9% 43
Gd,NiTiOg 4.0 . 6.9 31.3 60.7% 66.8 46.8% 44
EuTiO3 5.6 32 22.3 444 61.3% 69.7 63.7% 45
Gd,Ti,O, <2 —13.4 34 17.9 60.3% 66.2 27.0% 46
GdBO; 1.7 —54 7.5 36 72.8% 80.0 45.0% 47
Gd(OH); 0.94 -1.7 26.9 56 75.5% 83.0 67.5% 16
Gd;Gas04, 0.8 ~21 ~35 46.6% 51.2 68.4% 19
EuB,0, 0.72 -3.6 35.0 50.8 63.9% 72.7 69.9% 26
Eu,B,05 2.7 0.47 28.2 46.9 74.9% 85.2 55.0% 25

M-H curves for increasing and decreasing magnetic fields are
reversible, as shown by the arrows in Fig. 4, which indicates that
both CsEuCl; and CsEuBr; have excellent magnet1c revers1b111ty
According to the Maxwell equation ASw(T, H) = Io e (91 )

the MCE for these compounds were calculated, and the
temperature-dependent —ASy; under various magnetic fields are
presented in Fig. 4(c) for CsEuCl; and Fig. 4(f) for CsEuBr;.
The maximum —ASy; values for CsEuCl; under H=0-2T and
H=0-5T are 22.4 and 38.6 kg™ K" at 1.4 K, respectively, which
are comparable to some reported cryogenic materials.'”*""** For
CsEuBr;, the —ASy-T curve has no peak within the temperature
range from 0.4 to 20K, and the maximum —AS); values under
H=0-2T and H=0-5T are 15.7, and 26.4Jkg 'K at 04K,
respectively.

Table II compares the magnetic parameters of CsEuCl; and
CsEuBr; with other Gd**- and Eu**-based cryogenic magneto-
caloric materials,'®'**>*>*'*’ providing experimental maximum
—ASy values at H=0-2T and H=0-5T along with the theoretical
—ASy values. For the Eu**-based compounds, the theoretical limit
calculated by —ASy =nRIn(2S+ 1)/My depends entirely on the
magnetic density Mp/Mw, noting that Eu** ions have the same
J=S=7/2, L=0 and magnetic isotropy with Gd>" ions. However,
experimentally achieved —ASy; and deviations from the corre-
sponding theoretical —ASy; can vary due to specific coordination
environments, which plays a pivotal role in affecting magnetic
interaction, and hence the spin alignments under external fields.
For CsEuCl; and CsEuBr;, the magnetic density My/M,, are 38.9%,
and 29.0%, respectively, and the corresponding theoretical —ASy
are 442Jkg ' K™ and 33.0Jkg "K', respectively. CsEuCl; at
H=0-5T achieves 87.3% of theoretical -ASy;, whereas CsEuBr;
reaches 80.0% of its theoretical —ASy. This difference may be
attributed to variations in their coordination environment, for
CsEuCl; with a less distorted perovskite structure and the relatively

weak AFM interactions, making the achieved —ASy; closer to theo-
retical —ASy.

In comparison, Gd,Ti,0,," with a higher magnetic density
Mg/M,, of 60.3% compared to CsEuCl; and CsEuBrs3, achieves only
27.0% of its theoretical —ASy; at H=0-5T. The lower —AS,, for
Gd,Ti,0; is likely due to a more geometrically frustrated structure
and stronger AFM couplings. This analysis underscores the signifi-
cant impact of coordination environment and magnetic density on

magnetocaloric performance. Though CsEuCl; and CsEuBr; do ¢

not outperform certain Eu- or Gd-based compounds, particularly
those with higher magnetic densities and/or weaker magnetic inter-
actions, —ASy; of CsEuCl; and CsEuBrs; is still greater than or com-
parable with  several  perovskite-structured  materials*'~**
(Gd,FeAlOg, Sr,GANbOg, Gd,MgTiOs, etc.). Notably, —ASy; for
CsEuCl; under H=0-2T is comparable to that of commercial
cryogenic  refrigerant  Gd;GasOp, (GGG)"”  with —ASy
~21Jkg ' K™'. Furthermore, for CsEuX; magnetic halide perov-
skites, replacing the Cs" ions at the A-site with smaller and lighter
organic cations could potentially increase the magnetic density.
Simultaneously, such changes in the coordination environment
could lead to lower magnetic ordering temperatures and weaker
magnetic interactions, creating favorable conditions for achieving
exceptional cryogenic MCE. Such alterations are promising and
warrant further investigation.

IV. CONCLUSION

In conclusion, polycrystalline CsEuCl; and CsEuBr; were suc-
cessfully synthesized using a solid-phase reaction method, and their
crystal structures, magnetic properties, and magnetocaloric effects
were investigated. CsEuCl; crystallizes in a tetragonal structure,
whereas CsEuBr; crystallizes in an orthorhombic structure,
forming a more distorted perovskite structure due to a larger ionic
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radius of Br~. CsEuCl; undergoes a magnetic ordering transition
from AFM to PM state at around 1.1 K, whereas CsEuBr; exhibits
no magnetic ordering above 0.4 K. Curie-Weiss analysis indicates
stronger AFM interactions in CsEuBr; than in CsEuCls, likely due
to distinct coordination environments, which consequently influ-
ence their magnetocaloric effect. The maximum —ASy, values
recorded for CsEuCl; and CsEuBr; at H=0-2T are 22.4] kg_1 K™
(1.4K) and 15.7]kg_1 K™ (0.4K), respectively, and at H=0-5T
are 38.6 and 29.0 J kg~' K™, respectively. The promising magneto-
caloric performances of CsEuCl; and CsEuBr; highlight their
potential for applications in cryogenic magnetic refrigeration. This
study lays the groundwork for future exploration of high-
performance cryogenic magnetocaloric materials.
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